In this paper, we introduce an original experimental protocol that couples microstructural analyses before and after deformation to in-situ grain scale strain measurements in OFHC copper samples during dynamic loading. This analysis is conducted on a modified shear compression specimen (SCS) that exhibits localization within a flat gage section and hence lends itself to ultra-high-speed imaging of the localization evolution. We were thus able to study the influence of the microstructure on strain localization as well as the process of localization in OFHC copper submitted to high-strain rate loading at different rates. We found that in the case of these modified perforated SCS samples, the early stages of localization were geometry driven while grain size and strain-rate dependency only emerged later. For the two smallest grain sizes examined here, a stronger strain-rate dependency was observed. This led to a narrower and more elongated localization of the highest strains at the local scale and to a concurrent harder macroscopic response at higher strain rate. For the largest grain size examined here, the macroscopic response was nearly identical at both strain rates but largely softer than for the smaller grain sizes. This translated into a wider localization pattern in the local strain fields compensating for lower values of maximum local strain. Texture evolution was strongly grain-size-dependent as smaller grain-size samples showed very mild lattice rotation accompanied with dynamic recrystallization into smaller grains, while the large grain-size samples showed a marked texture formation accompanied with both grain growth and stress relaxation phenomena. The introduced experimental protocol can thus give access to data providing new insight into microstructural aspects of localization under dynamic loading; such data is additionally relevant for validating multiscale or crystal plasticity models for dynamic applications.
Introduction
Plastic localization has been largely studied experimentally in-situ at the microstructural scale under quasi-static loading (Efstathiou et al., 2010; Tschopp et al., 2009; Zhao et al., 2008) . In the case of dynamic loading, the fact that the whole event takes place in under a few hundredths of milliseconds renders in-situ studies of plastic localization difficult to conduct, especially at a local scale. Though this work simply concerns plastic localization under dominant shear loading, most experimental studies at high strain rate have addressed the particular case of adiabatic shear banding or shear localization, in which an instability leads to the concentration of plastic deformation into a narrow band from an initial homogeneous state of shear (Zener and Hollomon, 1944) . Note that such studies are mainly referred to in what follows with regard to their experimental approach. Whether their goal was to understand the influence of microstructure on localization (Cerreta et al., , 2013 Dougherty et al., 2007) or to relate microstructural features to macroscopic mechanical quantities (Li et al., 2010; Meyers et al., 2003; Xue and Gray, 2006) , the common trait of all these investigations is that they were limited to post-loading samples since none of the very few sample geometries that promote localization during high-strain-rate experiments are suited for in-situ diagnostics. For the top-hat specimen, used in numerous studies (Bronkhorst et al., 2006; Cerreta et al., , 2013 Dougherty et al., 2007; Meyers et al., 2003; Xue and Gray, 2006) , shear localization occurs within the volume of the specimen without emerging at the surface. For the thick-walled cylinder (Nesterenko et al., 1998) , the external explosive technique used on the sample also prevents access to any in-situ observations of the microstructural evolution. This explains why researchers, who still attempted to study the timeline of localization, had to perform microstructural analyses on different specimens submitted to an increasing level of strain (Bai et al., 1994; Xue and Gray, 2006) . They also had to evaluate the strain level from microstructural features. However, these features might have been-for the intermediate stages-affected by a cooling of the specimen and other relaxation processes. Thus these interrupted, post-loading testing techniques may not be an accurate snapshot of the strain and microstructure evolution during loading. Therefore, it is of great interest to perform in-situ measurements during high-strain-rate localization, as attested by the pioneering studies of Marchand and Duffy (1988) and Duffy and Chi (1992) , who conducted initial work to examine just this with high-speed photography at multiple locations on a thin-walled cylinder submitted to dynamic torsion. Nevertheless, the magnification reached in their work limited the analysis to a rather mesoscopic scale and it is still a challenge today to access strain fields at the microstructural length scales believed to be important to determining the evolution of damage during high-strain-rate localization (Meyers et al., 1995) . The development of ultra-highspeed imaging techniques now offers an opportunity to achieve this goal since it has recently permitted the measurement of in-situ strain fields under dynamic loading with a resolution in the order of the millimeter (Pierron and Forquin, 2012; Pierron et al., 2011) .
Beyond the far-reaching question of the evolution of microstructure during localization, the large body of post-mortem work has helped to develop directed questions for in-situ study. For example, it was shown that higher strain rates promote narrower localization within adiabatic shear bands ), but for a given material and strain rate, one wonders what parameters determine the size of the plastic localization features. In particular, the question remains as to what role is played by initial microstructural characteristics such as grain size. Based on the previous remarks, here we study the influence of grain size and strain rate on dynamic localization by conducting tests on samples of the same material having different grain sizes. For each sample, the microstructure of the area that experiences localization is characterized before and after loading, which will additionally give information regarding texture evolution. Furthermore, we aim at gaining a better understanding of the timeline and evolution of plastic localization by performing in-situ, full-field strain measurements. Such diagnostics require the use of a specimen for which localization occurs in a pre-determined and observable location. For that purpose, we will resort to a modified version of the shear compression specimen (SCS) and will also develop an original experimental setup to access in-situ, ultra-high-speed, strain measurements at the microstructural scale of an OFHC copper SCS. This study offers perspectives in providing novel experimental data regarding the influence of the microstructure on plastic localization under dynamic loading as well as a benchmark for the validation of recent multiscale models dedicated to both plasticity (Gao and Zhang, 2012; Khan et al., 2012) and localization (Baig et al., 2013; Sun et al., 2009; Zeng et al., 2015) under high-strain-rate loading.
The discussion of this work is arranged accordingly: (1) In the next section, the samples and preparation they underwent, as well as the experimental setup developed to access in-situ ultrahigh-speed strain measurements at the microstructural scale are described, (2) In Section 3, the results obtained from the different diagnostic tools employed in the study are discussed; and (3) Finally, the findings regarding the influence of the microstructure on plastic localization under dynamic shear loading are summarized.
Materials and methods

Samples
Material
The material studied in this paper is a 99.999% pure OFHC (Oxygen Free High Conductivity) copper. After machining of the samples, the as-received material was heat-treated at different temperatures and dwell-times so as to provide samples with three different grain sizes (twin boundaries not included) as determined in a previous study (Escobedo et al., 2011) ; namely, 600°C for 1h (60µm), 800°C for 1h (100µm), and 900°C for 35min (200µm). Since one of the goals of the study is to isolate the effect of grain size on localization, this particular material was selected because heat-treatment on OFHC copper is known to lead to grain growth without a significant effect on texture (Escobedo et al., 2011) . This was further confirmed by analyzing the orientation data collected on each of the heat-treated samples (see Section 3.1).
Specimen geometry
While many sample geometries have been devised to induce shear localization during highstrain-rate experiments; many of these do not enable both in-situ observation of localization processes and/or post-mortem interrogation of microstructure. For example, the thick-walled specimen has two drawbacks: (1) it does not permit the generation of shear bands at desired locations, and (2) the external explosive technique associated with this sample also prevents in-situ visualization. A second example, the top-hat specimen, does lead to shear localization at a known location (namely, the junction between the brim and the hat), but this location is in the bulk of the sample. No modification of these samples, to our knowledge, could make in-situ observations of any type of localization possible.
However, there exists a sample that, with some adjustments described below, can overcome this issue; this sample is the shear compression specimen (SCS) developed by Rittel, Lee and Ravichandran (Rittel et al., 2002a (Rittel et al., , 2002b and further characterized by Rittel (2005a, 2005b) . As described in Rittel et al. (2006) , it consists of a cylindrical or parallelepiped body bearing two opposite grooves at 45° with respect to the longitudinal axis (see Figure 1) . The zone between the grooves is commonly referred to as the gage section and the flat surfaces at the bottom of these grooves are commonly referred to as the gage areas. The SCS is designed to generate very high-strain rates (of the order of 10 4 s -1 ) in the gage section during loading in a split Hopkinson pressure bar (SHPB) setup and it has been shown in the aforementioned references that the geometry yields a homogeneous, dominant, shear state of stress in the gage section. Nevertheless, due to the abrupt change of geometry between the parallelepiped body and the grooves, stress concentrations occur on the sides of the gage section and ultimately lead to failure in the corners without further localization in the gage area. Unfortunately, this prevents any in-situ monitoring of the localization process. Note here that the primary purpose for the design of the SCS was to obtain very large shear strains and strain rates (Rittel et al., 2002a) . As this task was largely completed before failure, the location of the failure was then irrelevant in the design.
In this study, two modifications of the initial SCS geometry are introduced: a root corner on both sides of the gage area (see arrows in Figure 1 ) for each opposite side of the gage section and a 0.5 mm diameter hole through the center of the gage section. The objective of these modifications is to promote localization around the hole at the center of the flat gage section and hence at a known and predictable location that is additionally accessible to in-situ ultra-high-speed imaging. While choosing the smallest hole that could be easily drilled, the root corner radius was adjusted thanks to Finite Element (FE) analysis with commercial software Abaqus. This enables the development of larger stress concentrations around the hole than along the sides of the gage area. For a hole of diameter s = 0.5 mm, the selected root corner radius measures R = 0.6 mm. Furthermore, systematic localization around the hole has been confirmed experimentally (Vaucorbeil et al., 2009) . Pieces of differently heat-treated OFHC copper were machined into respective SCS specimens by Electric Discharge Machining (EDM) with the transverse direction of the as-received plate along the gage area of the sample. The dimensions of the sample are the following (see also Figure 1 ): L = 20 mm, W = 10 mm, t = 2.5 mm, w = 3.70 mm, h = 5.23 mm, R = 0.6 mm, s = 0.5 mm and θ = 45°. 
Specimen preparation
Prior to testing, the gage area of the SCS was polished to a mirror finish to allow for metallographic analysis of the specimen. Due to the narrow access to the gage section, this task was carried out manually, first with grinding papers of grades P400, P800, P1500 and P2500; then with diamond paste of grade 9 µm, 3 µm, 1 µm and 0.25 µm spread on a polishing cloth. Each diamondpolishing step was followed by chemical etching in a solution containing 40 mL of H 2 O, 5g of FeCl 3 and 12 mL of HCl and repeated twice. A last polishing step was carried with a colloidal silica solution of grade 0.05 µm. Finally the samples were electropolished in a solution containing 720 mL of H 2 O and 280 mL of H 3 PO 4 at 2.1 V for 10 seconds.
Two samples for each of the three grain sizes studied in the paper were prepared to be tested at two different strain rates. These specimens are denoted 1L, 1H, 2L, 2H, 3L, 3H where the number stands for the increasing grain size and the letters L and H stand for the lower strain rate and the higher strain rate, respectively. The strain rates achieved in the studied specimens are detailed in Table 2 within Section 3.2.
For post-loading EBSD measurements, the specimens' outer bodies were ground to allow for the preparation of the gage section. Once the gage section was reached, the surface was prepared using only P4000 grinding paper to limit the amount of material removal. The samples were then polished with 1 µm and 0.05 µm colloidal silica solutions, followed by electro-polishing using the solution as before.
Microstructural characterization
After metallographic preparation, and before the test, crystallographic orientations within the gage area of each sample were collected using a Philips XL 30 Field Emission Scanning Electron Microscope equipped with an EBSD module. The electron gun was operated at 20kV and at a spot size of 4. Because of the particular shape of the SCS, conducting EBSD measurements over the gage area, which lies at the bottom of the groove, was not straightforward. To permit such orientation collection, the gage section needed to be carefully positioned in the SEM chamber so that the electron beam could reach and reflect from the surface with minimal hitting of the borders of the gage section while the sample was tilted at 70°. For the SCS geometry used in this study, with a groove height (w) of 3.7 mm, only a 2.5 mm-wide zone could thus be scanned without any reflection issues.
Optical images of the deformed samples were acquired post-mortem thanks to a Zeiss Imager M2 Axio microscope. Orientation data collection was then performed again after mechanical testing and sample preparation.
High-strain-rate testing
High-strain-rate experiments were conducted in a SHPB setup. Tests on OFHC copper SCS required the use of high-modulus bars with a diameter larger than the width W of the samples. Hence, both the incident and transmitted bars were made of 350 maraging steel and were 19.05 mm in diameter and 1,226.2 mm in length. The incident and reflected pulses, as well as the transmitted pulse, were collected by strain gages located in the middle of the incident and transmitted bars, respectively. The incident bar was struck by a 19.05 mm-diameter maraging steel striker propelled by a gas gun. The duration and amplitude of the pulse were controlled by the striker length and the release pressure of the gas gun. In this study, two different strain rates were achieved through utilization of a 203.2 mm-long striker launched at 19 psi for the lower strain rate (~4,400 s -1 on average), and a 165.1 mm-long striker launched at 21 psi for the higher strain rate (~5,100 s -1 on average). A 16.5 mm-long tempered maraging steel hollow cylinder, in which a window was cut out for in-situ observation of the sample, was placed around the SCS during the experiment. The purpose of this sleeve was to absorb aftershocks since once the SCS had been loaded, the bars would hit the sleeve. It also prevented the sample from undergoing additional deformation while it was falling out of the bars. This ensured that the post-mortem state of the sample actually matched the final state of strain measured in-situ.
Displacement and stress-strain curves in cylindrical samples loaded within a SHPB setup are commonly derived directly from the data collected by the above-mentioned strain gages via the well-known relationships detailed by Kolsky (1949) . However, in the case of the SCS, obtaining the stress-strain relationship in the gage area of the sample requires additional processing. Firstly, since a SCS with a rectangular section is used to permit a homogeneous lighting of the gage area (see Section 2.4.), the interface between the bars and the sample is more prone to wave dispersion. Hence, the SHPB data is corrected for dispersion (following the derivation by Bancroft (1941) ) before further processing. Subsequently, the data reduction procedure for the SCS, described by Rittel (2005a, 2005b) can be carried out. It leads to the following formulas giving the Von Mises equivalent stress and equivalent plastic strain in the gage area:
( 1) where P is the applied load, d is the prescribed displacement applied at the specimen interface, W is the specimen width, t is the gage thickness and h is the gage height. k 1 , k 2 and k 3 are material-and geometry-dependent coefficients that are to be determined by FE analysis Rittel, 2005a, 2005b) , as described in the next paragraph. Note that though the formula were initially introduced in a study using a circular section SCS, they also apply to a SCS with a rectangular section: it was indeed shown in Alkhader and Bodelot (2012) that, after data reduction using Equation (1), equivalent stress-strain curves obtained from rectangular section SCSs were in good agreement with stress-strain curves obtained from cylindrical samples.
In the FE analysis, only half of the SCS needs to be modeled due to symmetry considerations. The mesh is refined in the gage section and even more in the root corner radii to account for the need for precision and the strong section variations in these locations, respectively (see Figure 3a) ; this leads to a mesh containing 720,614 elements in total and 410,805 elements across the width of the groove (root corners included). While the surface at the bottom is fixed, the top surface is submitted to a downward displacement. The material behavior used as input (true stress-strain curve) in the model comes from experimental compression tests performed close to the strain rate range of interest on cylindrical samples of OFHC copper that underwent the heat treatments described in Section 2.1. These curves are reported in Figure 2 and are nearly identical for all heattreated specimen, exhibiting an inflection point around 8% strain before further hardening. The FE simulation then gives the following outputs: average force P on the top surface and average displacement d of the top surface, as well as the average equivalent stress σ eq in the gage area midsection and the average equivalent plastic strain ε p eq in the gage area mid-section. Finally, the k i parameters are obtained by performing a least-squares fit of the two following functions:
This analysis was performed using the commercial software Abaqus (a plot of the equivalent Von Mises stress in the gage area under 1 mm prescribed displacement is shown in Figure 3b ). The coefficients obtained for the SCS geometry described in Figure 1 and the material behaviors linked to the three different grain sizes are reported in Table 1 . Table 1 . For the three different grain sizes considered in this study, coefficients k 1 , k 2 and k 3 used in the data reduction procedure giving the stress-strain relationship in the SCS gage area from the SHPB loading parameters.
In-situ ultra-high-speed imaging
Images of the deforming sample were taken with a HPV-2 Shimadzu camera. This camera has a full matrix of 312 x 260 pixels and is made of an In-situ Storage Image Sensor (Kondo et al., 2003) , more commonly called ISIS-CCD sensor, capable of recording a maximum of a hundred 10-bit images at one million frames per second. In this work, the frame rate was set to half-a-million frames per second with an exposure time of a quarter interframe to obtain sharp, full-frame images during the entire loading process.
The HPV-2 camera was equipped with an Infinity K2 long-distance microscope mounted with a TR tube and a CF3 lens, and was placed in front of the SHPB setup, where the sample was held between the incident and the transmitted bars, so that the flat gage area of the SCS, which was coated with a speckled paint, was in focus. A BK7 sheet of glass, transparent to visible wavelength, was placed at the end of the Infinity lens to protect it if the sample and sleeve were to be ejected from the apparatus (see Figure 4) . The resulting field of view, for a working distance of 101 mm, was 4.74 mm x 3.95 mm. This covered the smallest surface of gage area needed for observing localization around the hole while reaching the best resolution possible, namely 15.2 µm/pixel.
With ultra-high-speed imaging, the lighting, specifically intensity, stability and timing, of the sample is crucial. In these experiments, two Photogenic Power Light 2500DR flash lamps were positioned on both sides of the camera, so as to get homogeneous lighting in the SCS gage area at full intensity (see Figure 4) . Synchronization of the SHPB apparatus, lighting and ultra-high-speed camera worked as follows: just before hitting the incident bar, the striker cut through a laser beam which served as an immediate trigger to the lamp that required 100 µs to reach full illuminating intensity and stayed on for 400 µs; this also triggered the recording of the gages signals, as well as the camera with a 200 µs delay. This synchronization enabled imaging during the loading of the sample while the light intensity was steady. In this way, images were generated that were readily correlatable to the data recorded by the strain gages.
Strain fields were finally obtained by processing the images of the deforming sample with Digital Image Correlation (DIC). Pursuant to the requirements of this technique (Chu et al., 1985) , a random speckle pattern covering a wide range of gray levels was applied onto the gage section of the SCS prior to testing. The gage area was thus finely coated with white acrylic paint before being speckled with black acrylic paint; both paints were applied with an airbrush to obtain a very fine speckle pattern (see Figure 5) . To allow for DIC analysis, a reference image is collected and divided into square subsets, all having a unique signature of gray levels due to the speckle; these subsets can subsequently be tracked in the following images thus leading to displacement fields and strain fields. More details about this technique can be found in a recent comprehensive overview book by Sutton et al. (2009) . In this work, data was processed in incremental mode (reference image is updated as the previous image at each correlation step) by the VIC-2D software from Correlated Solutions Inc. A high-order interpolation scheme (8-tap spline) was selected for the conversion of digital data into continuous data. The correlation criterion chosen to analyze the image was the Zero-Normalized Sum of Squared Differences (ZNSSD), which is particularly insensitive to noise and light fluctuations (Sutton et al., 2009) . Considering that large strains are expected during high-strain-rate plastic localization, the strains computed from the displacement fields are finite strains and they are expressed in the reference configuration (Green-Lagrange strain tensor). Note that, because the outof-plane strain cannot be captured, the Von Mises strain is computed with the plane strain formula and will be referred to as "in-plane Von Mises strain" in what follows. Finally, the subset size, a compromise between accuracy and resolution, was taken as 13 x 13 pixels with a 3 pixel step size, which corresponds to subsets of 197.6 µm x 197.6 µm with a step of 45.6 µm. The relative sizes of the gage area, subset and speckle are reported in Figure 5 . Figure 5 . Zone of interest in sample 1L covered with a fine speckle and imaged by the Shimadzu camera and subset size used for DIC data processing. The left-hand-side inset is a schematic of the location of the zone imaged with respect to the sample.
Results and discussion
Initial microstructure and texture
The orientation maps relative to the sample's normal direction obtained by the TexSEM Laboratory (TSL) processing software are reported for all samples in Figure 6 , along with their corresponding pole figures. The location of the zone imaged within the sample, as well as the color scale of the orientation maps, are provided as insets at the left of Figure 6 . The pole figures show that all the samples exhibit an essentially random texture. Additionally, a preliminary visual inspection of these pole figures seems to indicate that there is little variation in texture between all of the studied samples, as noticed in earlier works (Escobedo et al., 2011) .
The data collected by EBSD was further analyzed to compute the orientation distribution (OD) of each sample in Rodrigues space. As detailed in Bodelot and Ravichandran (2014) , working in Rodrigues space has the advantage of allowing for the evaluation of the statistical correlation between two discrete ODs via the Pearson's chi-square test (Pearson, 1900) . The OD of sample 1H (smallest average grain size) was taken as the reference distribution and chi-squares values were computed by taking every other OD as the second dataset. The obtained values were then compared to the chi-square probability threshold at 95%, which corresponds to the point of distinction between significance (underneath the threshold) and non-significance (above the threshold), in terms of statistical correlation, according to Wilson and Hilferty (1931) . As shown in Figure 7 , all chi-square values but one fall below the chi-square threshold, which means that the ODs of the samples that underwent further grain growth due to annealing prior to mechanical testing remain strongly correlated to the OD of the sample that underwent the least grain growth, except for sample 3H that slightly deviates from the initial texture. It is unlikely that this could be attributed to initial sample-to-sample variability as all samples used in this study were cut out from the same laminated plate but, since heat treatments were performed post-machining, variability in the heat treatment process cannot be excluded, especially at higher temperature and shorter dwell time, as it is the case for type 3 samples. Actually, sample 3H in Figure 6f exhibits a larger grain size distribution than sample 3L in Figure 6c , which indicates that more annealing took place in sample 3H. Hence, despite some variability in sample 3H, the different heat treatments performed on the samples did not lead to significantly different textures and texture variations can be ruled out as a parameter of influence in the localization processes considered in this study. However, since a slight deviation is observed already in sample 3H, it seems that further grain growth would eventually lead to nonnegligible texture evolution. 
Macroscopic high-strain rate behavior
Signals from the strain gages of the SHPB apparatus were processed using the data reduction procedure described in Section 2.3. The equivalent strain rates achieved in each sample are reported in Figure 8a and summarized in Table 2 . The lower, average, strain rates are ~4,300 s -1 for both samples 1L and 2L, and ~4,500 s -1 for sample 3L. The higher average strain rates are ~5,000 s -1 for samples 1H and 2H, and ~5,200 s -1 for sample 3H. These curves suggest that type 1 and type 2 samples-whose grain sizes are rather close-have a very similar behavior while type 3 samplesthat have a distinctly larger grain size-behave differently from the other samples. The equivalent stress-strain curves are plotted for all samples in Figure 8b . Samples of equivalent grain size do not exhibit significant strain-rate sensitivity over this narrow strain rate regime, except above 17% strain for type 1 and 2 samples. Indeed, the stress-strain curves of samples 1L, 2L, 1H and 2H overlap (up to 17%) while the curves of samples 3L and 3H are relatively close to each other during the whole loading. Beyond 17% strain, the response of samples loaded at the lower strain rate is significantly softer than the response of samples loaded at the higher strain rate, the latter showing further hardening. Besides, the stress-strain curves for the samples of larger grain size (type 3 samples) show a non-negligible softer behavior throughout the loading, in accordance with the Hall-Petch effect. Table 2 . Summary of average grain size and testing strain rate for each studied sample.
In-plane strain fields in the gage area and timeline of localization
Since samples 1L/2L and 1H/2H exhibit the same macroscopic constitutive curves (see Section 3.2 and Figure 8b ), only the fields obtained during loading on samples 1L and 2H (out of the four above-mentioned ones) are presented for the sake of brevity. In the same way for the larger grain size, only the fields obtained on sample 3L are shown. Snapshots of the in-plane Von Mises strain fields obtained at the instants marked in Figure 8c are thus plotted in Figure 9 (respectively Figure  10 and Figure 11 ) and give the timeline of strain localization in sample 1L (respectively sample 2H and sample 3L). Note that the span of the scale is updated over the test duration to highlight the development of strain localization within the gage area without saturation of the color scheme. However, for each shown sample, fields marked a) and b), c) and d), e) to h), i) to l) and m) to p) are respectively plotted with identical scales to allow for comparison between samples. Figure 9 . In-plane equivalent Von Mises strain fields obtained during loading of sample 1L at different instants reported in Figure 8c and plotted in the reference or undeformed configuration. The left-hand-side inset is a schematic of the location of the strain field computation zone with respect to the sample. Figure 10 . In-plane equivalent Von Mises strain fields obtained during loading of sample 2H at different instants reported in Figure 8c and plotted in the reference or undeformed configuration. The left-hand-side inset is a schematic of the location of the strain field computation zone with respect to the sample. Figure 11 . In-plane equivalent Von Mises strain fields obtained during loading of sample 3L at different instants reported in Figure 8c and plotted in the reference or undeformed configuration. The left-hand-side inset is a schematic of the location of the strain field computation zone with respect to the sample.
Before commenting on the fields in Figure 9 through Figure 11 , it is important to mention that all the DIC computations were run with the same subset size; hence the smoothing due to the averaging of the strain within the subset is the same for all compared fields. Additionally, since the fields are plotted in the reference or undeformed configuration to allow for more comfortable analysis and comparison of their evolution during loading, the hole appears to remain circular throughout the plotted sequence of strain fields though it actually progressively closes (full closure happen for all samples), as will be seen in the post-loading observations of Section 3.4. In all considered samples, early plastic localization exhibits a "butterfly" shape around the hole, which is typical of perforated samples (Timoshenko and Woinowsky-Krieger, 1959 ) (see steps b and c in Figure 9 through Figure 11 ). The following strain fields show a progressive spreading and intensification of the butterfly-shaped localization zone within the gage area of the sample (up to step h in Figure 9 through Figure 11 ). This suggests that the early stages of localization, both in terms of shape and timeline, are geometry-driven since they are similar for all considered samples regardless of their microstructure or imposed strain rate for loading. Beyond that point, the localization zone retains its general butterfly shape and exhibits increasing strain values throughout the loading. Towards the end of the loading, one can notice that the zone of highest strains within the butterfly area tends to get narrower, but with a different spread depending on the considered sample. The final stages of the localization, and in particular the details of the final features of the localization zone, thus seem to be driven by the microstructure. Figure 9 l-m-n and Figure 10 l-m-n also allow for a qualitative comparison of the local strains between samples having a similar grain size but loaded at different strain rate, namely samples 1L and 2H. At the macroscopic scale, the stress-strain curve of the latter exhibits more hardening because of a higher loading strain rate while at the microstructural scale, the area corresponding to the highest values of the in-plane Von Mises strains exhibits narrower fingers within the butterfly shape. This is consistent with the formula derived by Dodd and Bai (1985) , in which the width of a shear band is inversely proportional to the strain rate.
To investigate, in more detail, the influence of the microstructure on the final features of the localization zone, the in-plane equivalent Von Mises strain fields upon unloading (see markers in Figure 8b ) are plotted for all tested samples with their own full scale in Figure 12 so that the bounds of each scale correspond to the minimum and maximum strain values within the gage area. Note that strain data is missing for sample 1H due to a light bulb bursting during the experiment. In Figure 12 , one can clearly see that the extent of the localization area-defined as corresponding to the strain values in the top third of the colorbar-largely increases as the grain size increases. Localization in thus confined to the immediate vicinity of the hole in Figure 12a (sample 1L), spreads as rather thin fingers in the butterfly area in Figure 12b and Figure 12e (samples 2L and 2H, respectively) and finally covers nearly all the butterfly-shaped area in Figure  12c and Figure 12f (samples 3L and 3H, respectively). The overall shape of the butterfly zone is also less sharp as the grain size increases.
In terms of intensity of the residual strains within the localization area, the maximum local strain is very close for samples 1L and 2L and decreases in sample 3L as the grain size increases. The relationship can be surprising at first because one would expect, from the macroscopic stress-strain curves in Figure 8b , larger residual strains following a less intensive hardening with increasing grain size. However, this is in agreement with classical descriptions of the way in which a dislocation substructure develops as a function of grain size (Gray III et al., 1999) . Lesser amounts of boundary length are less prone to dislocation pile-ups at boundaries due to enhanced development of dislocation tangles in the interior areas of the grain. Pile-ups are thought to be important sources for stress concentrations. Hence, less opportunity to form pile-ups leads to fewer opportunities for stress concentration development. Therefore the larger grained specimens are less prone to high strain values at grain boundaries in the localization area. These lower values of maximum local strain for larger grain sizes are actually compensated by a much wider area including high values of strain, finally leading, overall, to average higher macroscopic residual strains for large-grain samples as expected from the macroscopic curves.
In the macroscopic stress-strain curves in Figure 8b , samples 1L, 2L, and to a much lesser extent 3L, also exhibited less hardening than samples 1H, 2H and 3H, respectively, due to a lower rate of loading for the former. At equivalent grain sizes, the samples loaded at the lower strain rate could finally accommodate larger deformations. This translates at the microstructural scale to higher local residual strains and a notably larger localization area for the smaller grain-size samples. For the large grain-size samples, the most noticeable difference concerns the peak value of residual strains that is also higher for the sample loaded at the lower rate. From these observations regarding the final features of the local strain fields, it follows that the extent of the area corresponding to the highest strains is primarily driven by the grain size and correlates with it. For a given grain size, the strain rate of the loading drives mainly the maximum local value of the local strain, a higher strain rate leading to more hardening, hence lower values of the maximum local strain.
Post-loading microstructure
Post-mortem optical images of the gage areas are reported in Figure 13 . These micrographs show that all samples exhibit hole closure. They also suggest qualitatively that there is an increase in final roughness that correlates with grain size while there is very little difference in roughness as a function of strain rate. To study the changes undergone by the crystalline orientations induced by plastic localization, and more precisely the extent of lattice rotation, ESBD was performed in the gage area of all samples after high-strain-rate deformation. However, the deformation experienced in the gage section during mechanical testing has caused the groove height w to diminish from 3.7 mm to 2.6 mm on average, thus narrowing down the width to be scanned. Post-loading EBSD scans relative to the sample's normal direction performed on all tested samples are reported in Figure 14 . Note, the large dark areas in the scans of post-loading samples are artifacts due to electron charging at the slit location. By comparing the EBSD scans and their corresponding pole figures before and after loading (Figure 6 and Figure 14) , one can observe that many grains in the deformed gage section display misorientation development (lattice rotation) due to shearing. This is most obviously tracked through grains displaying a high variation in colors indicating a high variation in orientations in a single grain, as well as through an evolution of the features of the pole figures. This lattice rotation took place in the gage area of all of the tested samples, however this phenomenom is mild for the smaller grained specimens while significantly pronounced for the larger grained specimens. For samples 1L/1H and 2L/2H (Figure 14 a-b-d-e) , the grains located in the localization area elongated along the localization pattern. Some grains also appear smaller than in the virgin sample, which testifies of an intense shearing but also suggests a localized dynamic recrystallization. The microstructural changes in samples 3L/3H (Figure 14 c-f) with initially larger grains appear quite different. Grains elongated much more strongly along the localization pattern and the most striking feature in these samples is the presence of extended zones of identical orientation, which indicates firstly a marked texture formation. In addition, the grain boundaries were overlaid on the orientation maps as black lines in Figure 14c and in Figure 14f and a partial map of the virgin 3H sample was inserted to highlight the fact that some grains are now larger in the deformed large-grain samples, thus revealing a possible grain growth process or, at least, a clustering of rotations towards the same orientation. Though the phenomenon of dynamic recrystallization leading to smaller grains inside shear localization bands has largely been observed Chen et al., 1999; Dougherty et al., 2009; Meyers et al., 2003) , the above-mentioned phenomenon leading to these larger grains has never been reported before following high-strain-rate loading in copper. This might be explained by the fact that high-strain rate testing is rarely performed on initially largegrained copper since hardening is much more desirable than softening in impact applications. From a modeling perspective, to our knowledge, the only treatment of dynamic recrystallization leading to grain growth has been made by Wenk and Tomé (1999) after observation of the phenomenom in dynamically sheared olivine-a coarse-grained mineral. According to them, soft grains, because they accumulate more disclocation, are less stable and hence more likely to be consumed by less deformed grains through boundary migration. The influence of the temperature rise has however not been discussed and is, in our opinion, non negligible in the process.
Furthermore, as was discussed in the previous section dedicated to strain fields measurements, despite their higher macroscopic residual strains, samples with the largest grain size exhibit lower maximum local strains than samples with smaller grain sizes. The strain fields suggested that lower maximum strain values were compensated by the fact that areas of higher strains were more widespread in large-grain samples. The very large lattice rotations evidenced in the present section also suggest that a non negligible amount of the strain experienced within large grains may come from out-of-plane strains, which cannot be captured by the in-plane DIC measurements of local strain fields.
Finally, evidence of recrystallization in large-grain samples was further provided by maps of kernel average misorientation (KAM) computed from the EBSD scans and reported in Figure 15 . The KAM within a grain is calculated by averaging the misorientation angles between each data point and all its nearest neighbors. It is proportionally correlated to the amount of accumulated strain in non recrystallized samples (Cerreta et al., 2013) . In samples 1L, 1H, 2L and 2H ( Figure  15a , d, b and e, respectively), the distributions of KAM values in the zone of interest correlate well with the corresponding final strain fields. One indeed note KAM values larger than one in nearly the whole gage area (except very sparingly where the in-plane Von Mises strains were minimum) while the highest values delineate the shape of the localization zone. On the contrary, samples 3L and 3H (Figure 15c and f) only exhibit a few occurences of high KAM values in the localization area and mostly low or null values where the apparent large grains are located. Hence, KAM values indicate very little accumulated strains in these locations in spite of the large strains experienced. This is the evidence that recrystallization took place and lead to grain growth along with very intense stress relaxation. This process was very likely thermally-assisted. 
Conclusion
In this paper, a comprehensive, in-situ study of plastic localization in dynamically deformed OFHC copper has been conducted using an original experimental protocol that allowed bringing together a number of diagnostics. In particular, the area where localization occurs was characterized at the microstructure scale before, during and after localization. The originality of the method relies especially on the coupled use of a modified SCS and in-situ, ultra-high-speed DIC, which yields access, for the first time, to in-situ, strain measurements at a small scale during a localization process under shear loading.
In the case of our samples, the early stages of plastic localization were actually geometry driven, showing a butterfly localization pattern typical of perforated samples regardless of microstructure or imposed rate of loading. The grain size and strain-rate dependency only became obvious upon further localization. For the two smaller and closest grain sizes, strain-rate dependency of the response was predominant, over a grain size dependency, leading to a narrower and more elongated localization of the highest strains at the local scale and to a concurrent harder macroscopic response at higher strain rate. In these samples, mild lattice rotation and texture formation occurred and was associated with dynamic recrystallization leading to smaller grains in the strain localization area. For a significantly larger grain-size sample, the macroscopic response was nearly identical at both strain rates but largely softer than for the smaller grain sizes. This translated into a wider localization pattern in the strain fields compensating for lower values of maximum local strain. The residual lattice rotation was significantly more pronounced for this larger grain size and accompanied with a marked texture formation. In these samples, an interesting and rarely described phenomenon of grain growth-or collective reorientation-accompanied with very low residual KAM was also observed, suggesting a concurrent thermally-assisted relaxation process.
The introduced experimental protocol thus offers the possibility to study in-situ dynamic plastic localization in which time-dependent phenomena such as thermal aspects and dislocation movements play an important role and would be overlooked in a quasi-static approach. Hence a natural perspective of this work would now be to investigate the thermal quantities linked to the localization processes so as to get a better understanding of the energetics involved in dynamic recrystallization and apparent grain growth observed in large-grain samples. This protocol also has the potential of providing useful benchmark experimental data that was not available so far for validating multiscale or crystal plasticity models developed for dynamic applications.
